We here show that despite having similar motion detection systems, insects and humans 13 differ in the effect of low and high spatial frequency noise on their contrast thresholds. 14 2 Abstract 15
Introduction 31
Insect motion vision is thought to be mediated by arrays of retinotopic elementary motion 32 detectors (EMDs) that cross-correlate the spatial input of a small region of the visual field 33 with a similar, but temporally delayed, input of a neighbouring region. This cross-correlation 34 model was first proposed by Hassenstein and Reichardt to describe the optomotor response of 35 the beetle Chlorophanus (Hassenstein and Reichardt 1956 ) and has since demonstrated 36 outstanding agreement with behavioural and neurophysiological observations across several 37 forms of motion-elicited behaviour including tracking (Bahl et al. 2013 ), collision avoidance 38 (Srinivasan et al. 1991 ) and landing (Borst and Bahde 1988) . Experiments have elucidated 39 the mechanisms underlying these responses (Borst 2014) and exposed the neural pathways 40 that mediate detector computations (Riehle and Franceschini 1984) to a remarkable level of 41 detail. 42
EMDs consist of two mirror-symmetrical subunits that compute motion in opposing 43 directions (Fig ) . We recently showed ) that this opponency gives 44 EMDs a surprising property: namely, motion detection can be impaired by noise which is 45 "invisible" to the animal, in the sense that it does not elicit a response when presented as a 46 signal. Our "signals" were drifting luminance gratings, i.e. a set of black and white vertical 47 stripes moving horizontally across the screen. These signals, if detected, trigger the animal's 48 optomotor response, i.e. a body movement in the direction of the motion, which tends to keep 49 the animal's head aligned to the bars (Reichardt and Wenking 1969; Nityananda et al. 2015) . 50
The spatial frequency of the grating corresponds to the width of the bars: wide bars represent 51 low spatial frequencies, narrow bars represent high. To add noise, we superimposed similar 52 gratings, at either the same or different spatial frequency, which did not move smoothly but 53 jumped around randomly. We found that low-frequency gratings did not elicit an optomotor 54 response when presented on their own, moving smoothly, yet still disrupted the optomotor 55 4 response to higher-frequency gratings when superimposed as noise. This disruption is 56 referred to as "masking" of the signal by noise (Moore 2012; Anderson and Burr 1985) . 57
We analysed the mathematics of the EMD to show why this effect occurs. Briefly, it works as 58 follows. Insect ommatidia have a roughly Gaussian acceptance profile, so they effectively 59 implement a low-pass spatial filter of the incoming light pattern. Thus, the first step in the 60 EMD is a low-pass spatial filter (top row of Fig ) . Low spatial frequencies naturally elicit a 61 response in these filters. However, the later opponency step (bottom row, "subtraction", in 62
Fig ) cancels out this response for low enough spatial frequencies. This is why moving 63 gratings at these frequencies do not elicit an optomotor response. However, when low 64 frequencies are presented as noise superimposed on a signal grating of a higher frequency, 65 this initial response can still act as noise, impairing the optomotor response elicited by 66 gratings at higher frequencies. 67
Humans do not show this "invisible noise" effect. In our previous paper (Tarawneh et al. 68 2017), we compared our mantis data with previously-published human data and showed that 69 there was a qualitative difference. In humans, noise is most effective when presented at the 70 same frequency as the signal, and becomes less effective when presented either at higher or at 71 lower frequencies than the signal (Anderson and Burr 1985) . We were able to explain this too 72 within the same mathematical framework: it arises because spatial filtering in humans is 73
bandpass. 74
A limitation of our previous paper was that we did not compare exactly the same metrics of 75 masking in humans and mantises. In humans, Anderson & Burr (Anderson and Burr 1985) 76 had carried out extensive psychometric experiments measuring contrast thresholds at many 77 different combinations of signal and noise. Their measure of masking was the ratio between 78 the contrast threshold needed to judge the direction of a moving grating when it was 79 5 presented alone, and the higher threshold needed when noise was added. They used data from 80 2 human observers, and contrast thresholds were obtained by the Method of Adjustment (i.e., 81 observers adjusted the contrast of the moving grating by hand until its direction of drift was 82 "just discernible"). In mantises, the Method of Adjustment is obviously not feasible. 83
Previously (Nityananda et al. 2015) , we have obtained mantis contrast thresholds from 84 psychometric functions using the Method of Constant Stimuli (Lu and Dosher 2014) . A 85 human observer viewed mantises via a webcam and categorised each trial according to 86 whether an optomotor response did or did not occur. The response rate increases with the 87 contrast of the moving grating. The contrast threshold is then defined as the contrast at which 88 a response occurs on half of the trials. The drawback of this method is that many trials are 89 required. It was not feasible to run so many trials on each of many different combinations of 90 signal and noise frequencies. Accordingly, in we used a different 91 measure of masking in our 11 mantis observers. We kept the stimulus contrast fixed, and 92 examined how the response rate varied for noise at different frequencies. We argued that 93 these different metrics were equivalent, so should not affect our conclusions. 94
In this paper, we confirm this by running longer experiments for a subset of signal and noise 95 combinations. Here, we use identical paradigms in both mantis and human observers as far as 96 possible. As described above, stimuli are presented at a range of signal contrasts for a given 97 noise condition, so as to obtain a complete psychometric function, which is then fitted to 98 obtain the contrast threshold. In this independent data-set, we find the same qualitative 99 difference in the effect of noise on human vs insect vision as with our earlier method. This 100 confirms that the difference was not somehow an artefact of the masking metrics used in the 101 earlier paper, and strengthens confidence in the result. Experimental Setup. Participants viewed stimuli on a 19" Eizo T765 CRT monitor from a 120 distance of 100cm and indicated perceived direction of motion by keyboard presses. The 121 monitor had a resolution of 1280×1024 pixels, 14-bit luminance levels and subtended a visual 122 angle of 19.18×15.37 degrees at the viewing distance of participants. Its mean luminance was 123 57 cd/m 2 . Luminance was gamma corrected (gamma=2.31) using a Minolta LS-100 (Konica 124 Minolta, Japan). A chin-rest (UHCOTech HeadSpot) was used to stabilize the subject's head. There were thus 36 different conditions in total. A total of 6 mantises each ran 10 repeats of 143 each condition (360 trials). 144
Visual Stimulus -Experiment M2. Ideally, we wished our grating to contain a single spatial 145 frequency when presented on the mantis retina. A grating rendered on a flat screen whose 146 spatial periods are constant in pixels is non-uniform in visual degrees (Anderson and Burr 147 1987): a given number of pixels at the edge of the screen projects to a smaller angle than the 148 same number directly in front of the viewer. This distortion is generally neglected in human 149 psychophysics but is potentially important at the small viewing distance (7 cm) used in our 150 experiments. To correct for this, we applied a non-linear horizontal transformation in 151 10 Experiment M2 so that grating periods subtend the same visual angle irrespective of their 152 position on the screen, using the technique described in Nityananda 
where ‫ݔ‬ is the horizontal pixel position relative the middle of the screen, ܵ ௪ is the window 167 size (distance between the 0.5 gain points) in pixels, chosen as 512 pixels in our experiment 168 (subtending a visual angle of 85° at the viewing distance of the mantis) and ݊ is the window 169 order (chosen as 10). This restriction minimised any spread in spatial frequency at the mantis 170 retina due to imperfections in our correction formula described by Equation (1). 171
With the above manipulations the presented stimulus (as a function of pixel horizontal 172 position ‫‬ and frame number ݆ ) was: 173 In between trials a special "alignment stimulus" was presented and used to steer the mantis 210 back to its initial body and head posture as closely as possible. The alignment stimulus 211 consisted of a chequer-like pattern which could be moved in either horizontal direction by 212 keyboard shortcuts and served to re-align the mantis by triggering the optomotor response. 213
Calculating Contrast Detection Thresholds. After conducting Experiments M1 and M2 we 214 calculated motion probability ܲ (for each individual and stimulus condition) as the proportion 215 of trials in which the mantis moved in the same direction as the signal grating. As in 216 (Nityananda et al. 2015) , the number of trials on which the mantis was coded as moving in 217 13 the opposite direction was negligible. We then fitted the individuals' responses using the 218 psychometric function: 219 
where the subscript = 2 cpd. Pilot work indicated that these were on either side of 241 peak sensitivity and that thresholds were the same for both. Noise was added in a subset of 242 trials; it had a spatial bandwidth of 1 octave around either 0.4 or 2 cpd and was temporally 243 broadband. 244
We will henceforth refer to the various conditions of our masking experiments using the 245 notation S+N where S indicates signal frequency and is either H for the high frequency However, for both the 0.4 and 2 cpd signal frequencies, the threshold was higher when noise 257 and signal frequencies were the same compared to when they were different: there were 258 significant differences in thresholds for L+L and L+H (paired t(3) = 4.5, p = 0.021) and for 259 15 H+H and H+L (paired t(3) = 8.4, p = 0.003). These results are consistent with previous 260 studies in human literature which have shown that maximal masking occurs when noise is of 261 equal or near frequency to that of the signal Burr 1985, 1989) . 262
Experiment M1 263
We also ran essentially the same experiment in insects. Mantises were placed in front of a 264 computer screen and viewed full screen gratings drifting horizontally to either left or right in 265 each trial. The stimuli were the same as described for humans above, except that the spatial 266 frequencies were lowered in order to account for the poorer spatial acuity of insect vision. 267
The high (H) and low (L) spatial frequencies were set to 0.2 and 0.04 cpd respectively (the 268 mantis optomotor response is approximately equally sensitive at those frequencies 269 (Nityananda et al, 2015) ). An experimenter observed the mantis through a camera and coded 270 the direction of the elicited optomotor response (if any) blind to the stimulus. Detection rates 271 were later calculated per condition and individual as the proportion of trials in which the 272 mantis moved in the same direction as the grating. 273
We measured the contrast detection thresholds for each of the conditions L+L, L+H, H+L, 274 H+H as well as the non-masked grating conditions H and L. Fig 3 shows the response rates 275 and fitted psychometric functions of one individual for illustration. Clearly, adding noise 276 tends to move the psychometric function to the right. That is, in the presence of noise, the 277 signal grating has to have higher contrast before it will reliably elicit an optomotor response 278 from the insect. To quantify this we compared the contrast detection thresholds, averaged 279 across 6 mantises, for the 6 different conditions (Fig 4) . In the absence of noise, thresholds 280 do not differ significantly between the low and high spatial frequency of the signal gratings 281 (paired t(5) = 0.7, p = 0.494 comparing H and L) as expected since these two frequencies 282
were chosen to drive the optomotor response equally. Adding low-frequency noise 283 significantly increases thresholds for both signal frequencies: there were significant threshold 284 16 differences for L+L and L (paired t(5) = 7.9, p < 0.001) and for H+L and H (paired t(5) = 4.8, 285 p = 0.005). We again see no difference in thresholds depending on the signal frequency 286 (paired t(5) = 2.0, p = 0.096 comparing H+L and L+L). However, when we add high-287 frequency noise, we see a very large difference between the two signal frequencies. High-288 frequency noise again significantly increases thresholds (paired t(5) = 4.0, p = 0.01 289 comparing L+H and L, paired t(5) = 7.6, p < 0.001 comparing H+H and H). The high-290 frequency signal is affected as badly by high-frequency noise as by low-frequency noise 291 (paired t(5) = 0.1, p = 0.894 comparing H+H and H+L). However, the low-frequency signal 292 is far less affected by high-frequency noise (paired t(5) = -4.2, p = 0.009 comparing 293 thresholds for L+H and L+L). Note that this is not because high-frequency noise has an 294 intrinsically small effect. The high-frequency noise has a very substantial effect on the high-295
frequency signal, just not on the low-frequency signal. 296
Experiments H1 and M1 demonstrate the presence of interactions between signal and noise 297 frequencies in both humans and mantises. The responses of the two species, however, were 298 qualitatively different. In humans, noise had a greater effect when presented at the signal 299 frequency and a lesser effect at the other frequency. Mantises on the other hand were affected 300 to the same degree by either noise frequency at the 0.2 cpd signal frequency, and more 301 strongly by the noise frequency 0.04 cpd when signal frequency was also 0.04 cpd. In other 302 words, mantises were affected most when noise frequency was equal or lower than signal 303 frequency (across the frequencies 0.04 and 0.2 cpd). This indicates a qualitative difference 304 between the two species. 305
Experiment M2 306
The stimuli and experimental procedures were as similar as possible for both humans and 307 mantises, with spatial frequencies chosen appropriate to each species' contrast sensitivity 308 function. However, one difference was that mantises were observing the screen from a much 309 shorter viewing distance (7 cm as opposed to 100 cm for human subjects). When viewing a 310 flat screen from a short distance the stimulus appears spatially distorted; uniform gratings 311 subtend smaller visual angles at the periphery and may therefore consist of several spatial 312 frequencies (in cpd). Thus, for mantises, the signal gratings effectively varied in spatial 313 frequency across the stimulus, whereas for humans they were much more nearly constant. To 314 test whether this distortion could have influenced our findings from Experiment M1, we 315 repeated the same experiment using a modified stimulus. Previous studies have shown that 316 the optomotor response of the mantis is driven predominantly by the central visual field 317 . The new stimulus was therefore different in three ways: (1) it was 318 limited to the central 85 degrees of the visual field, (2) it was corrected for spatial distortion 319 by introducing a non-linear horizontal transformation and (3) noise was restricted to a single 320 spatial frequency. 321 Fig 5 shows the mean of the contrast detection thresholds, averaged across the 6 insects, for 322 the six different conditions. Sensitivity was now much lower, particularly for the high 323 frequency, presumably reflecting the alterations to the stimulus. Despite these differences, we 324 found the same qualitative trend observed in Experiment M1. Masking was strongest when 325 noise frequency was equal to or lower than signal frequency (across 0.04 and 0.2 cpd). The 326 addition of noise caused a significant increase in thresholds across all conditions: L+L and L 327 (paired t(5) = 12.5, p < 0.001), L+H and L (paired t(5) = 8.7, p < 0.001), H+L and H (paired 328 t(5) = 3.8, p = 0.013) and H+H and H (paired t(5) = 2.7, p = 0.043). For the 0.04 cpd signal 329 frequency grating, noise at the same frequency caused a significantly larger increase 330 compared to noise at the higher frequency (paired t(5) = 6.4, p < 0.001 comparing L+L and 331 L+H). There was no significant difference, however, between adding noise at either 332 frequency in case of the 0.2 cpd signal frequency (paired t(5) = 1.1, p = 0.324 comparing 333 H+L and H+H). That is, noise is equally effective whether added at the signal frequency or at 334 a lower frequency, but less effective when added at a higher frequency. The agreement 335 between our findings in Experiments M1 and M2 suggest that the difference in stimulus 336 viewing distances, and the resultant distortion, does not explain the qualitative differences in 337 mantis and human responses. 338
Discussion 339
In a previous paper, we documented a striking difference between insect and human motion 340 perception . This difference relates to the robustness of perception 341 under visual noise. In both species, some spatial frequencies are more effective "masks" than 342 others. In human vision, the effectiveness of a given spatial frequency as a mask depends on 343 two things: (i) how visible that spatial frequency is to the organism, and (ii) how close that 344 spatial frequency is to the signal. Noise at frequencies that are less visible, or that are further 345 from the signal frequency, is less effective at masking the signal. In insects, this apparently 346 obvious result does not hold. We found previously that while noise higher than the signal 347 frequency does indeed lose effectiveness as a mask, noise lower than the signal masks 348 essentially independently of the distance between noise and signal -even when the noise is 349 presented at such low frequencies that a signal there would elicit no response. 350
Because this finding is so counter-intuitive, it was important to validate it with a different 351 paradigm, in which we directly compare humans and insects. That is what we have done in 352 the present paper. Here, we selected two spatial frequencies, one high and one low, on either 353 side of the organism's peak sensitivity. These were chosen to be equally visible, or more 354 precisely, to have equal contrast thresholds on a motion direction discrimination task. We 355 then examined the effect of adding noise either at the same frequency, or the other frequency. 356
We measured thresholds using the psychometric function obtained with the Method of 357 Constant Stimuli, with the contrast of the signal grating as the varying parameter (Fig 3) . 358
In humans, noise had a significantly stronger masking effect when at the same frequency as 359 the signal; noise at a higher or lower frequency had less effect (Fig 2) . In mantises, noise was 360 equally effective whether added at the signal frequency or at a lower frequency, but less 361 effective when added at a higher frequency ( Fig 5) . This agrees with our previous experiment 362 20 using response rates at a fixed contrast. The effect is predicted by the current model of insect 363 motion perception, combined with the low-pass nature of insect spatial filtering (Tarawneh et 364 al. 2017) . The experiments presented here confirm that the phenomenon affects contrast 365 threshold, not just the response rate at one selected contrast, and strengthen our previous 
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